increased pumping that enhances depletion. Altogether, the implication is that 18
Introduction 24
California's Central Valley is undergoing a groundwater drilling boom amid one of the most 25 severe droughts in state history [California Department of Water Resources, 2015] , and new 26 wells often have to be drilled deeper in order to tap into the shrinking aquifer [Howard, 27 2014; Kennedy and Redmond, 2014] . Drought conditions have forced the state of California 28 to consider new methods and regulations regarding the monitoring and appropriation of 29 groundwater resources [Aghakouchak et al., 2014b] . Satellite monitoring of the Gravity 30
Recovery and Climate Experiment (GRACE) has indicated a 31±3 km 3 loss in groundwater 31
storage from 2006 to 2012 [Famiglietti et al., 2011; Scanlon et al., 2012] . A recent study 32 [Howitt et al., 2014] estimated that the 2014 drought resulted in an additional groundwater 33 loss on the order of 6.3 km 3 and the depletion continues despite efforts to curb water use 34 [Famiglietti, 2014] . 35
36
The present groundwater status in California's Central Valley is rooted in its history. For 37 more than 50 years the Central Valley has been one of the most productive agricultural 38 regions of the world, which is facilitated by sufficient supply of irrigation water [Bertoldi et 39 al., 1991; Faunt, 2009] . Irrigation and agricultural activity have accounted for the vast 40 majority of all water use: during the 1960's and 1970's annual irrigation water was derived 41 equally from groundwater and surface water, though in drought years the amount supplied 42 by groundwater would increase [Bertoldi et al., 1991] . In the early 1980's the overall usage 43 of irrigation water increased slightly and an increased proportion came from surface water. 44
According to USGS Water Use Data for California, from the 1980's until 2010 the Central 45
Valley began using less total water for irrigation, yet there has been an increase in the 46 visualize the temporal change and areal extent from which the problem is derived, we first 118 used the Pearson correlation and cross-correlation. Correlation is a simple and direct way 119 to understand the relationship between two variables and associated change, while cross 120 (lagged) correlation provides an effective measure to establish the similarity of two 121 variables as a function of the time lag of one relative to the other. For the purpose of 122 examining the time-frequency distribution of drought and groundwater, i.e. how the 123 variation changes over time, as well as further validation of correlation analysis, we 124 conducted the wavelet power spectrum analysis following the derivation of Torrence and 125
Compo [1998] . The wavelet coefficients yield information about the correlation between 126 the wavelet (spectral power) and the data array (at a particular data point). To verify 127 lagged correlations, we utilized the wavelet transform coherence (WTC) for analyzing the 128 coherence and phase lag between two time series as a function of both time and frequency. 129
The WTC analysis is based on the Continuous Wavelet Transform developed by Grinsted et 130 al. [2004] for geophysical time series. Significance test was performed by using the Monte 131
Carlo method (i.e. adding random noise to the two signals and repeating this a 1000 times) 132 to calculate the 95% confidence interval about the "true" phase difference. 133 134
Results 135
In the California Central Valley, groundwater undergoes a pronounced annual cycle that 136 peaks in March and reaches minimum in November, as is displayed in Fig. 1b by the long-137 term LWET data. Recharge begins in November, at the start of the rainy season, and7 typically lasts until March. Soil moisture in the Central Valley exhibits an annual cycle 139 similar to LWET (Fig. 1b) . Based upon this annual cycle, the period of September-December 140 appears to be the low season of groundwater level. Thus, we divided the year into three 141 different seasons (January-April, May-August, and September-December) and computed 142 the cross-correlations between the PDSI and LWET averaged over the Central Valley during 143 2002-2014. As shown in Fig. 2a , the September-December period is the only season whose 144 correlations are significant both at the current year (year 0) and at a one-year lag (year+1), 145 suggesting a prolonging effect of drought on groundwater. It could mean that groundwater 146 decline in autumn is maintained over a two-year period that persists approximately one 147 full year after drought has occurred. A similar pattern in the correlations is observed 148 between soil moisture and LWET (Fig. 2b) as well as precipitation (not shown), which 149 lends support to the prolonging effect of drought on groundwater depletion. We also 150 computed the point-to-point correlation between the grid-scale PDSI (year 0) and LWET 151 (year+1) to delineate the geographical distribution of this year+1 correlation, using the 152 September-December data. As shown in shows the September-December PDSI alongside the groundwater well levels and LWET. 209
The low-frequency variability in all these datasets is visually discernable. It appears that 210 the tendency for any drought to last longer than 2-3 years has become more pronounced. 211
The changing drought frequency was assessed using the wavelet spectral analysis 212
[Torrence and Compo, 1998 ] of the PDSI, and the result is shown in Fig. 4b . Since the late 213 1990s, spectral power within the 4-6-year frequency undergoes considerable amplification. 214
The effect of this amplified drought variation on groundwater is further examined by 215 computing the wavelet spectral coherency between PDSI and groundwater level using the 216 formulation derived by Grinsted et al. [2004] . As shown in Fig. 4c, significant coherency  217 between the two variables in the 4-6-year frequency appears after 1995, with a phase 218 difference of (vector pointing towards) 75°; this phase difference amounts to a time lag of 219 one year within a 4-6-year "cycle", lending support to the increased year+1 correlations 220 presented in Fig. 3a . oscillation in the western U.S. and its signal is especially pronounced in northern California. 227 As is shown in Fig. 4c , the 50° phase difference within the significant 10-16-year coherency 228
indicates a time lag of about 2-3 years. Consequently, the prolonging effect of drought on 229 correlations in Fig. 3a . 231 
